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The D-region ionospheric perturbations caused by solar ﬂares which occurred during January 2010–
February 2011, a low solar activity period of current solar cycle 24, have been examined on NWC
transmitter signal (19.8 kHz) recorded at an Indian low latitude station, Allahabad (Geographic lat.
25.75°N, long. 81.85°E). A total of 41 solar ﬂares, including 21 C-class, 19 M-class and 01 X-class, occurred
during the daylight part of the NWC-Allahabad transmitter receiver great circle path. The local time
dependence of solar ﬂare effects on the change in the VLF amplitude, time delay between VLF peak
amplitude and X-ray ﬂux peak have been studied during morning, noon and evening periods of local
daytime. Using the Long Wave Propagation Capability code V 2.1 the D-region reference height (H/) and
sharpness factor (β) for each class of solar ﬂare (C, M and X) have been estimated. It is found that D-
region ionospheric parameters (H/, β) strongly depend on the local time of ﬂare's occurrence and their
classes. The ﬂare time electron density estimated by using H/ and β shows maximum increase in the
electron density of the order of 80 times as compared to the normal day values. The electron density
was found to increase exponentially with increase in the solar ﬂux intensity. The solar ﬂare effect on
horizontal component (H) of the Earth's magnetic ﬁeld over an equatorial station, Tirunelveli (Geo-
graphic lat., 8.7°N, long., 77.8°E, dip lat., 0.4°N), shows a maximum increase in H of 8.5% for M class
solar ﬂares. The increase in H is due to the additional magnetic ﬁeld produced by the ionospheric
electrojet over the equatorial station.
& 2015 Elsevier Ltd. All rights reserved.1. Introduction
Solar ﬂares are known to cause perturbations in the daytime
ionosphere (e.g.,Mitra, 1974; Davies, 1990; Tsurutani et al., 2009)
but it is the D-region of the ionosphere which is perturbed the
most (Mitra, 1974; Zigman et al., 2007). During the daytime, the D-
region ionization is maintained mainly by direct Lyman-α
(121.6 nm) radiation from the Sun which partially ionizes the nitric
oxide (N2O, at 70 km altitude), a minor neutral constituent inumaran),
a@gmail.com (S.A. Gokani),
ac.fj (S. Kumar),
ediffmail.com (A.K. Singh),
g03@gmail.com (R. Singh).the D-region. Under the normal conditions, the solar X-ray ﬂux is
too small to be a signiﬁcant source of ionization but during solar
ﬂares the increased X-ray ﬂux from the Sun in the wavelength
range of 0.2–0.8 nm ionizes neutral constituents along with the
major O2 and N2 species (Hargreaves, 2003; Mitra, 1974). This in
turn modiﬁes the electron density in the D-region ionosphere and
hence changes the propagation conditions of Very Low Frequency
(VLF, 3–30 kHz) waves in the Earth-ionosphere waveguide (EIWG)
formed between the D-region ionosphere and the Earth's surface
(Thomson et al., 2005).
The measurement of VLF signals, generated by navigational
transmitters has emerged as one of the reliable tools for remote
sensing of the D-region electron density perturbations associated
with solar ﬂares (Mitra, 1974; Ananthakrishnan et al., 1973;
Thomson et al., 2004; Grubor et al., 2005; Kumar and Kumar, 2014;
Maurya et al., 2014a,b). The D-region monitoring is rather difﬁcult
due to its altitude range, which is too high for balloons and too low
Fig. 1. Great Circle path between VLF transmitter NWC (pink triangle) and low
latitude receiving stations in India Allahabad (green diamond).
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but they have poor spatial and temporal resolutions and hence
cannot be used for continuous monitoring of the D-region iono-
sphere. The VLF remote sensing is also a cost-effective technique
for understanding the dynamical processes in the D-region iono-
sphere (Bainbridge and Inan, 2003; Maurya et al., 2010; Phani-
kumar et al., 2014; Singh et al., 2011, 2012; Thomson et al., 2007;
Thomson and McRae, 2009).
There have been several studies (e.g.,Ananthakrishnan et al.,
1973; Pant, 1993; Thomson and Clilverd, 2001; McRae and
Thomson, 2000, 2004; Thomson et al., 2005; Grubor et al., 2005;
Zigman et al., 2007; Singh et al., 2013) on the D-region solar ﬂare
effects using VLF waves, transmitted by the navigational trans-
mitters. Some studies mainly focused on the comparative in-
vestigations between the changes in the VLF signal amplitude/
phase and time delay with respect to solar X-ray ﬂux (Ananthak-
rishnan et al., 1973; Pant, 1993) however local time dependence of
these perturbations was not considered. Several studies (e.g.,
Thomson and Clilverd, 2001; McRae and Thomson, 2004; Thom-
son et al., 2005; Grubor et al., 2005, 2008; Zigman et al., 2007) on
the D-region solar ﬂare effects using Long Wave Propagation
Capability (LWPC) code (developed by Naval Ocean Systems Center
(NOSC), San Diego, USA) (Morﬁtt and Shellman, 1976), have esti-
mated Wait ionospheric parameters; D-region reﬂection height
(H/) in km and D-region electron density gradient or sharpness
factor (β) in km1 (Wait and Spies, 1964). The quantiﬁcation of the
D-region reﬂection height and electron density changes during
ﬂare events had been reported by several researchers (Thomson
and Clilverd, 2001; McRae and Thomson, 2004; Thomson et al.,
2005; Zigman et al., 2007; Singh et al., 2013). The increased ioni-
zation due to a ﬂare lowers the H/ roughly in proportion to the
logarithm of the X-ray ﬂares intensity (McRae and Thomson,
2004).
The present study deals with the D-region ionospheric per-
turbations caused by solar ﬂares during January 2010–February
2011 on NWC transmitter signal (19.8 kHz) recorded at an Indian
low latitude station, Allahabad (Geographic lat. 25.40°N, long.
81.93°E). Solar ﬂare effects on the horizontal component (H) of the
Earth's magnetic ﬁeld over an equatorial station, Tirunelveli
(Geographic lat., 8.7°N, long., 77.8°E, dip lat., 0.4°N) have also been
studied for the same period. The period of observations falls under
the low solar activity period, beginning of the current solar cycle
24 after an extended solar minimum. The amplitude perturbations
on NWC signal due to 41 solar ﬂares (21 C-class, 19 M-Class and
1 X-class), have been analyzed. The local time variation of solar
ﬂare effects on the change in the VLF amplitude (ΔA), time delay
(Δt) between the VLF peak amplitude and X-ray ﬂux peak, chan-
ges in the horizontal component (ΔH) of the Earth's magnetic
ﬁeld, D-region reﬂection height (H/) and sharpness factor (β), have
been examined.2. Experimental setup and data
The Automatic Weather Electromagnetic System for Observa-
tion Modeling and Education (AWESOME) VLF receiver located at
Allahabad (Geographic lat. 25.40°N, long. 81.93°E; Geomagnetic
lat., 16.25οN) is used to record the VLF signal (at 19.8 kHz) trans-
mitted by NWC transmitter (Geographic lat. 21.80°S, long.
114.20°E), Australia. Further details of the VLF recording system at
receiver sites in the Indian region can be found in the paper by
Singh et al. (2010). The Transmitter Receiver Great Circle Path
(TRGCP) from NWC transmitter to receiving station at Allahabad is
shown in Fig. 1. TRGCP path length is about 6400 km for NWC-
Allahabad path, which falls under medium path length under the
path classiﬁcation given by Clilverd et al. (2001). The solar ﬂares ofC, M and X classes which occurred during January 2010 to Feb-
ruary 2011 are selected for analysis depending upon the avail-
ability of VLF data at Allahabad. The Earth's geomagnetic ﬁeld
horizontal component (H) data (one second resolution) is obtained
from equatorial station, Tirunelveli (Geographic lat. 8.7°N, long.
77.8°E, dip latitude: 0.4°N), to study the changes in the H due to
solar ﬂares. ΔH is obtained by subtracting the average midnight
value of H to avoid the Earth's main ﬁeld effect on the H compo-
nent. The X-ray ﬂux data recorded by the Geostationary Opera-
tional Environmental Satellite (GOES) satellites is obtained from
the USA National Oceanic and Atmospheric Administration (http://
www.sec.noaa.gov). The Local time (LT)¼Universal Time (UT)þ
5.5 h. In the present study we have estimated the change in am-
plitude ΔA as, A A Aperturb normalΔ = − , where Aperturb is the max-
imum VLF amplitude observed during the given solar ﬂare event
and Anormal is the mean amplitude for ﬁve normal days close to the
ﬂare event. The time difference between amplitude peak and X-ray
ﬂux peak Δt as t t tAmax FFΔ = − where tAmax is the amplitude peak
time of VLF signal and tFF is ﬂare ﬂux peak time. Similarly, the
change in ΔH due to ﬂare is estimated as using
H H HS Perturb NormalΔ = Δ − Δ where ΔHPerturb is the maximum
change in ΔH observed during solar ﬂare event andΔHNormal is the
average for three international quiet days close to the ﬂare event.3. Observations
3.1. Solar ﬂare effect on NWC signal at low latitude station:
Allahabad
After the long solar minima, the Sun unleashed the ﬁrst C-class
ﬂare of solar cycle 24 on 19 January 2010 at 14:17 LT, the strongest
solar ﬂare detected in almost two years. During January 2010–
February 2011, nearly 41 solar ﬂare events (21 C-class, 19 M-class
Fig. 2. An example of variation of X-ray ﬂux (red line) detected by GOES and NWC
VLF signal amplitude (black line) at Allahabad station on 20th January and 15th
February 2011.
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in VLF amplitude, Wait parameters, electron density and local time
dependence of ﬂares effect.
Fig. 2(a and b) shows an example of the amplitude perturba-
tions in the NWC VLF signal received at Allahabad corresponding
to the X-ray ﬂux (GOES data) for 20th January 2010 and 15th
February 2011 solar ﬂares, respectively. The amplitude enhance-
ments are observed for 3 C and 3 M-class ﬂares that occurred on
20 January 2010. And also on 15th February 2011 for one C, one M
and one X-class ﬂares. These enhancements are due to extra D-
region ionization. The extra ionization sharpens the D-region or
upper boundary of the EIWG and lowers it up to several kilometres
depending on the intensity of solar ﬂare ﬂux (Thomson and Clil-
verd, 2001; Grubor et al., 2005). When VLF signal propagates
through the region of enhanced electron concentration, it ﬁnds a
sharper boundary which gives a mirror type of reﬂection (Grubor
et al., 2005) as a result the amplitude of the VLF signals is
increased.
Table 1 gives the details of all the solar ﬂare events considered
in the present study. The change in the VLF signal amplitude (ΔA)
depends on the ﬂare strength (solar X-ray ﬂux) which can be ef-
fectively utilized to estimate the electron density changes due to
solar ﬂares (Grubor et al., 2005; Zigman et al., 2007). Fig. 3 shows
variation in the ΔA of NWC signal with solar ﬂare intensity mea-
sured in dB relative to 1 mW/m2 for all 41 solar ﬂares. It can be seen
that ΔA varies between 1.21 to 2.73 dB for C class solar ﬂares and
between 2.88 to 5.45 dB for M class solar ﬂares. The lowest ﬂare
which produced the perturbation in the signal amplitude is a C
2.0 class ﬂare (1.21 dB).The maximum ΔA of 6.8 dB was observed
for an X2.2 solar ﬂare. The solar ﬂare X-ray ﬂux intensities are
expressed in decibel (dB) unit. A third-degree polynomial is usedto ﬁt the data points as its best ﬁt. McRae and Thomson (2004)
estimated the best-ﬁt curve for the amplitude perturbation versus
ﬂare power, which can be used to determine the ﬂare of higher
classes (4X17) when GOES detector saturates. In general, as the
intensity of the ﬂare increases, the ΔA also increases but not lin-
early. For example, the ΔA for three C-class ﬂares, C5.0, C3.9 and
C3.7 occurred on 20th January 2010, were estimated 2.73 dB,
2.46 dB and 1.44 dB, respectively. However some inconsistency in
the ΔA values were seen when solar ﬂares of same class/strength
occurred on different days. For example, C5.2 ﬂare on 19th January
2010 (at 14:37 LT) produced ΔA1.68 dB which is less as com-
pared to C3.9 class ﬂare on 20th January 2010 (11:50 LT) with
ΔA2.46 dB. The nonlinearity comes from the fact that ΔA also
depends upon pre-ﬂare ﬂux condition and local time. In order to
check it we have made a detailed analysis of the pre-ﬂare X-ray
ﬂux for all the 41 ﬂare events. A window of 15 min for solar X-ray
ﬂux is taken for all the solar ﬂares before the onset and the
average ﬂux in this window is calculated (pre-ﬂare level). This
average ﬂux is then subtracted from the peak ﬂux value to obtain
absolute enhancement in the ﬂux level. The pre-ﬂare ﬂux condi-
tions give better results when multiple solar ﬂares occur in a short
time. Based upon calculations, in general, it is observed that the
pre-ﬂare ﬂux values follow the linear trend with the class of ﬂares.
But the preﬂux values show discrepancy when a ﬂare is followed
by another ﬂare depending upon its class, i.e., if the given ﬂare is
preceded by a higher class ﬂare, the preﬂux value is more but the
absolute enhancement in the ﬂux is less. For example, on 15th
February 2011, three successive ﬂares occurred in the morning
period (X 2.2, M1.4 and C4.8). The absolute ﬂux enhancement is
highest (2.29104 W/m2) for X2.2 ﬂare among all the ﬂares
considered in the study. For M1.4 ﬂare which was followed by
X2.2, the ﬂux level was stable as seen from Fig. 2, so the preﬂux
level for M1.4 ﬂare is more (9.63105 W/m2) as compared to
that of X 2.2 (9.07107 W/m2). For C4.8 class ﬂare the preﬂux
level came nearly to the normal value (2.14106 W/m2). Si-
milarly, C5.2 ﬂare on 19th January 2010 had a preﬂux of
3.95107 W/m2 which is less as compared to C3.9 ﬂare with
pre-ﬂux of 2.15106 W/m2 due to the fact that the later ﬂare
was followed by C5.0 ﬂare.
The other reason for the nonlinearity is the local time depen-
dence of solar ﬂare effect. The local daytime taken into con-
sideration is the daytime at the receiving station, Allahabad, be-
tween 06–18 LT (00:30–12:30 UT). In order to clearly understand
local time dependence of ΔA and other D-region parameters,
whole local daytime is divided in three periods: morning (06–
10 LT), noon (10–15 LT) and evening (15–18 LT). Table 2 presents
the average values of ΔA, Δt, H/ and β for C and M-class ﬂares.
From Table 2, it can be seen that the average ΔA for C-class ﬂares
increases as the day progresses and attains its maximum value at
noon and then decreases in the evening period. For M-class ﬂares,
the average value of ΔA during noon is less than that in the
morning and evening periods. This is because of the occurrence of
high intensity M-class ﬂares in the morning (M6.4 at 08:06 LT) and
evening period (M6.0 at 15:45 LT) as compared to noon, which
results in higher ΔA (5.45 dB and 5.2 dB, respectively). Fig. 4a
shows the dependence of ΔA on the local time. As we have only
one X-class ﬂare event during the period of the present study, it is
not possible to study local time dependence for X-class solar ﬂare
effects. Thomson and Clilverd (2001) studied solar ﬂare effects
both on long (12,000 km) and short (617 km) VLF propagation
paths and showed that ΔA variation is less pronounced for long
path as compared to the short path. Our present work shows that
ΔA variation due to ﬂares depends on the class of ﬂares, preﬂare
condition and local time.
Solar ﬂare effect also shows time delay (Δt) in the occurrence
of the VLF peak amplitude when compared to the time of X-ray
Table 1
Values of H/ and β for different classes of ﬂares calculated for VLF signal observed at Allahabad from the NWC transmitter signal using LWPC V 2.1. The other parameters such
as change in the amplitude (ΔA), delay time are also shown.
Solar ﬂare day UT (h) LT (h) Flare class ΔA (dB) H/ (km) β (km1) Delay time (Δt) (min) ΔH H(nT)
20100119 08:47 14:17 C 5.2 1.70 72.0 0.35 2
09:07 14:37 C 5.2 1.68 72.2 0.36 1
20100120 04:59 10:29 C 5.0 2.73 69.9 0.38 2
06:20 11:50 C 3.9 2.46 70.5 0.37 2
07:15 12:45 M1.0 3.02 68.0 0.39 1
07:29 12:59 M1.0 3.05 68.5 0.39 2
07:50 13:20 M1.6 3.26 67.5 0.41 1
09:31 15:01 C3.7 1.44 76.0 0.28 2
20100206 05:40 11:10 M1.3 3.15 68.0 0.40 1
07:09 12:39 C4.0 1.48 73.0 0.34 2 03.57
20100207 02:36 08:06 M6.4 5.45 66.0 0.40 2
04:54 10:24 M1.0 2.98 68.8 0.38 1 05.36
20100208 07:44 13:14 M4.0 3.52 66.0 0.42 1 10.30
08:46 14:16 C2.8 1.52 73.2 0.33 2
20100209 01:28 06:58 C3.0 1.56 76.1 0.30 3
04:20 09:50 C3.0 1.49 73.4 0.32 2
20100212 07:28 12:58 C8.0 2.48 70.5 0.37 2 06.17
20100612 01:01 06:31 M2.0 3.11 71.0 0.35 2
09:20 15:50 C6.0 2.24 72.4 0.33 2 01.20
11:12 16:42 M2.0 3.35 67.0 0.37 2
20100613 05:42 11:12 M1.0 3.01 68.1 0.39 1 08.52
20110128 01:05 06:35 M1.4 3.06 70.8 0.36 2
20110209 01:34 07:04 M1.9 3.09 70.4 0.37 2
20110214 08:01 13:31 C3.0 1.32 73.4 0.32 2 02.50
08:49 14:19 C6.0 2.07 71.0 0.37 2
20110215 01:57 07:27 X2.2 6.80 64.0 0.42 1 04.20
02:48 08:18 M1.4 3.01 71.1 0.39 2
04:32 10:02 C4.8 1.88 72.1 0.36 3
20110216 01:06 06:36 C2.0 1.21 76.6 0.27 3
01:44 07:14 M1.0 2.99 71.0 0.39 2
05:52 11:22 C6.0 2.10 71.0 0.37 2 04.50
06:28 11:58 C3.0 1.45 73.5 0.33 2
07:46 13:16 M1.0 3.05 71.0 0.39 1
09:15 14:45 M1.1 2.93 71.8 0.33 2
10:34 16:04 C3.0 1.27 76.7 0.27 3
20110218 04:55 10:25 C4.0 1.54 73.1 0.33 2 05.40
06:36 12:06 M1.0 2.88 69.5 0.39 1
07:27 12:57 C8.0 2.54 70.4 0.37 2 05.83
09:16 14:46 C4.2 1.60 76.0 0.30 2
10:15 15:45 M6.0 5.20 66.0 0.39 2
20110224 07:35 13:05 M3.5 3.94 67.0 0.38 2 13.00
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amplitude were matched with the peaks in GOES X-ray ﬂux data
(Fig. 2a and b). The peaks of the C-class ﬂare ﬂux data occurred at
4:57 UT, 6:18 UT and 9:29 UT and the corresponding peaks in the
VLF amplitude occurred at 4:59 UT, 6:20 UT and 9:31 UT, respec-
tively. For M-class ﬂares the X-ray ﬂux peaks occurred at 7:14 UT,
7:27 UT and 7:49 UT and the corresponding peaks in the VLF am-
plitude occurred at 7:15 UT, 7:29 UT and 7:50 UT. From the above
example, it can be seen that Δt is different for different classes of
ﬂares and it may also depend on the local time at the receiving
station at the time of occurrence of solar ﬂare. In order to examine
this, we have plotted Δt versus local time for C, M and X-class
ﬂares in Fig. 4(b). Fig. 4b shows that, Δt for all ﬂares, varies from
1–3 min, which is different for different classes of ﬂares and also
varies according to their occurrence time. In general, Δt is mini-
mum for higher class (X) and maximum for lower class (C) ﬂares.
For C-class ﬂares, Δt varies between 1–3 min which is higher in
the morning and evening periods and lower in the noon period as
seen from Table 2. For M-class ﬂares, Δt is 2 min in the morning
and evening periods and 1 min in the noon period. For X class
ﬂare, Δt is approximately 1 min. The Δt observed in the present
work has been discussed by many workers with different termi-
nology such as ‘sluggishness’ (Appleton, 1953; Valnicek andRanzinger, 1972) and ‘relaxation time’ (Mitra, 1974). But the de-
tailed study on the dependence ofΔt on the class of ﬂares was not
examined. The Δt is caused by the D-region recombination–ioni-
zation processes to recover balance under the increased X-ray ir-
radiance of the ﬂare (Zigman et al., 2007). TheΔt for all solar ﬂares
are given in Table 1. The Δt varies between 1–3 min and is
consistent with previous observations (Mitra, 1974; Zigman et al.,
2007; Grubor et al., 2005, Kumar and Kumar, 2014).
Mitra (1974) established a relationship between Δt and max-
imum electron density and showed that Δt is inversely related to
the electron density, which is lower for higher electron density, i.e.,
ionospheric response is faster when electron density is high.
Hence, for the X-class ﬂare the D-region response is fastest, re-
sulting in minimumΔt value. Valnicek and Ranzinger (1972) using
the X-ray data obtained by Inter-Cosmos 1 satellite, showed that
‘sluggishness’ (Δt) decreases when solar induced ionization in-
creases and vice versa. Grubor et al. (2005) studied the VLF re-
sponse to solar ﬂares for short (∼2000 km) path and showed that
the Δt also depends on the solar zenith angle. The results pre-
sented here for medium (6000 km) path length (Clilverd et al.,
2001) at the Indian low latitude station show signiﬁcant variation
in Δt due to solar ﬂares depending upon their classes and time of
occurrence.
Fig. 3. Variation of change in the VLF amplitude with the solar ﬂare intensity (dB).
Table 2
Average values of ΔA, Δt, H/ and β during three different time periods (morning,
noon, evening) for C and M class ﬂares.
Time period Delay time (Δt) (min) ΔA (dB) β (km1) H/ (km)
C class
Morning (6–10 LT) 2.67 1.42 0.30 75.37
Noon (10–15 LT) 2.00 1.92 0.35 72.14
Evening (15–18 LT) 2.50 1.36 0.28 76.35
M class
Morning (6–10 LT) 2.00 3.45 0.38 70.05
Noon (10–15 LT) 1.27 3.16 0.39 68.56
Evening (15–18 LT) 2.00 4.28 0.38 66.50
R. Selvakumaran et al. / Journal of Atmospheric and Solar-Terrestrial Physics 123 (2015) 102–1121063.2. Solar ﬂare effect on Earth's magnetic ﬁeld H component at the
equatorial station: Tirunelveli
The variation in the horizontal component (H) of the Earth's
magnetic ﬁeld observed at Tirunelveli, an equatorial station
(Geographic lat. 0.03°N, long. 150.40°E, dip latitude: 0.4°N), Indian
sector, for solar ﬂares (January 2010–February 2011), is examined
and the change in ΔH (ΔHs) due to ﬂares is quantitatively studied.
The geomagnetic activity is also examined during ﬂare events to
identify any effect of geomagnetic storms on the (ΔH). Chakrabarty
et al. (2013) extensively investigated the moderate and low in-
tensity solar ﬂares effects on equatorial electrojet current. The
transient electric ﬁeld disturbances can occur during storm sudden
commencement (SSC) and prompt penetration electric ﬁeld asso-
ciated with sub storms (Chakrabarty et al., 2010), which can mask
the signatures caused by low and moderate solar ﬂares in ΔH
(Chakrabarty et al., 2013). The observations considered in this
work are carefully investigated for the effects of transient ﬁeld dueto SSC and sub storms by looking in to the IEFy along with AL and
Sym-H (Chakrabarty et al., 2013). After careful investigation, the
possibility of any inﬂuence of transient electric ﬁeld disturbances,
during solar ﬂares, associated with the current study cannot be
completely ruled out. It was found that 12 out of 41 ﬂare events
(07 C-class, 04 M-class and 01 X-class) have shown changes in the
ΔH. For example, the variations in ΔH for the ﬂares of 6th Feb-
ruary 2010, 15th and 24th February 2011, are shown in Fig. 5. The
ΔH values on ﬂare day (red line) and averaged on 3 international
quiet days (black line) are plotted for three hour durations with
respect to ﬂare occurrence time in order to ﬁnd the change in the
ΔH due to solar ﬂares. The C4.0 solar ﬂare on 6th February 2010
had start, peak and end times at 12:30 LT, 12:39 LT and 12:44 LT,
respectively. The corresponding response times in ΔH were iden-
tiﬁed at 12:31 LT, 12:40 LT and 12:45 LT, respectively. The M3.5
solar ﬂare on 24th February 2011 started at 12:53 LT, with max-
imum ﬂux at 13:05 LT and ended at 13:12 LT. The corresponding
response in ΔH is observed at 12:57 LT, 13:07 LT and 13:17 LT, re-
spectively. Similarly, for the X2.2 solar ﬂare on15th February 2011
starting at 7:14 LT with its peak at 7:26 LT and ending at 7:36 LT,
the corresponding response times in the ΔH was observed at
7:20 LT, 7:28 LT and 7:39 LT, respectively. Moderate increase of
3.57 nT and 4.2 nT inΔH given byΔHs is seen during the solar
ﬂares on 06 February 2010 and 15 February 2011 for C4.0 and X2.2,
respectively. On 24 February 2011, a signiﬁcant increase in ΔH of
13 nT is observed for M3.5 class ﬂare which occurred at 13:07 LT.
Similarly, from Table 1, signiﬁcant increase in ΔH is observed for
the ﬂare events in the noon time when equatorial electrojet (EEJ)
strength is maximum at the equatorial stations. Rastogi et al.
(1999) observed positive impulse (increase) in the ΔH at equa-
torial and near equatorial stations. Fig. 6 shows the local time
dependence of ΔH for 12 selected ﬂare events that have shown
change in ΔH. It is clear from Fig. 6 that only those ﬂare events
which occurred during noon period have shown the signiﬁcant
change in ΔH except for X class ﬂares which occurred in the
morning period (07:27 LT ) and produced the signiﬁcant in-
crease in ΔH giving ΔHs of 4.2 nT.4. Estimation of wait D-region parameters: LWPC modeling
In order to quantify the solar ﬂare induced perturbations in the
D-region ionosphere, we have utilized the Long Wavelength Pro-
pagation Capability (LWPC) code v 2.1 developed by US Navy
(Ferguson, 1998). This code is used to calculate the changes in the
Wait ionospheric parameters (Wait and Spies, 1964), ionospheric
reﬂection height (H/) and exponential sharpness factor (β), due to
solar ﬂares.
Fig. 7 shows the normal day (unperturbed) diurnal variation of
the NWC signal (amplitude and phase averaged for 5 days) re-
ceived at Allahabad (blue line) matched with the LWPC modeled
VLF amplitude (red line). The VLF amplitude and phase have been
modeled for three different time periods of a local day (as dis-
cussed in Section 3.1): 00:30–4:30 UT (06:00–10:00 LT) near the
morning terminator (morning period), 09:30–12:30 UT (15:00–
18:00 LT) near evening terminator (evening period) and the third
one is the period between morning and evening terminators
04:30–9:30 UT (10:00–15:00 LT) (noon period) during which the
VLF amplitude is almost stable. In order to match the observed VLF
amplitude and phase of NWC signal on the normal day with the
VLF amplitude estimated by LWPC, the values of amplitude and
phase of NWC signals recorded with the AWESOME receiver were
added 35 dB and 15°, respectively, to calibrate it. After the cali-
bration the model was run for every 15 min from 0 UT to 12 UT to
account for the temporal changes in the signal amplitude and
phase. The H/ and β were chosen for the best matching between
Fig. 4. (a) Local time variation of change in the VLF NWC signal amplitude estimated with respect to normal day for C, M and X-classes of ﬂare. (b) Local time variation of
time delay for C, M and X-classes of ﬂares.
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phase. The values of H/ and β parameters were found almost the
same for both morning and evening periods. The average values of
H/ and β for unperturbed (normal) daytime ionosphere, were es-
timated as (a) β¼0.26 km1 and H/¼77 km for the interval near
terminators (morning and evening periods) and (b) β¼0.30 km1
and H/¼74 km for the noon period. The noon time values of H/ and
β for the normal day match well with previous studies (McRae and
Thomson, 2004; Thomson et al., 2005; Grubor et al., 2005, 2008;
Zigman et al., 2007) for low and mid latitude regions.
During solar ﬂares, the amplitude of the sub-ionospheric VLF
wave enhances and the corresponding phase advances. The per-
turbation in the VLF amplitude during solar ﬂare is also modeled
using LWPC in the same way as for the normal day. In order to
match the estimated values using model with the observed values,
the LWPC code was run for every 5 min and the output values
were noted. Fig. 8 shows the modeling plot of the amplitude and
phase of NWC signals for the solar ﬂare on 20th January 2010. The
H/ and β values estimated by using LWPC for solar ﬂares con-
sidered in the present study are given in Table 1.5. Results and discussion
5.1. Variation in wait D-region ionospheric parameters due to solar
ﬂares
During solar ﬂares, the increased ionization results in descent
of upper edge of EIWG which is shown by decrease in H/ and in-
crease in β values (Grubor et al., 2008). Table 1 shows the H/ and β
values estimated using LWPC model for all solar ﬂares considered
in the present study. For C-class solar ﬂares on 20th January 2010,
the average change in H/ and β values were estimated 3 km and
0.06 km1, respectively, whereas for M-class ﬂares these values
are 6 km and 0.10 km1, respectively, with respect to the normal
daytime values. The strongest solar ﬂare of class-X on 15th Feb-
ruary 2011 (which occurred in the morning period) showed
highest decrease in H/ by 13 km and increase in β by 0.16 km1,
with respect to the unperturbed day time values. This indicatesthat H/ and β are different for different classes of ﬂares and also
they vary with local time i.e., the solar zenith angle. The variation
of H/ and β with local time for C, M and X classes of ﬂares is shown
in Fig. 9a and b. In Fig. 9a, it is seen that H/ is minimum for X-class
ﬂare and maximum for C class ﬂares. From Table 2 it is seen that
average H/ value is maximum in the morning and evening periods
and minimum in the noon period. The H/ varies from 69.9 to
76.6 km for C-class ﬂares. The H/ for the M-class ﬂares shows a
similar trend. Table 2 shows that β follows an opposite trend as
compared to H/. The β is maximum for X-class ﬂare and minimum
for C-class ﬂares. The average value of β for C-class ﬂare shows
that β is minimum in the morning and evening periods and
maximum in the noon period. The β varies from 0.27 to 0.42 km1
for C-class ﬂares. The β for the M-class ﬂares shows similar trend.
The maximum and minimum changes in H/ and β are estimated to
be 13 km, 0.16 km1 for X2.2 ﬂare and 0.4 km, 0. 01 km1 for C2.0
ﬂare, respectively.
McRae and Thomson (2004) showed that solar ﬂares reduce
the H/, which is proportional to the logarithm of X-ray ﬂux in-
tensity. They found that the H/ reduced down to 58 km from its
normal unperturbed day value of 71 km and β signiﬁcantly in-
creased and reached a saturation value of about 0.52 km1 for
extremely intense ﬂares of magnitude greater than about X17.
Thomson and Clilverd (2001) estimated the H/ and β to be 64.6 km
and 0.485 km1, respectively, for M2.4 class ﬂare as compared to
normal values of H/¼71 km and β¼0.43 km1. Zigman et al.
(2007) observed a decrease in H/ to 69 km and an increase in β to
about 0.54 km1 from normal values of H/¼74 km and
β¼0.30 km1 for NAA (24.0 kHz) transmitter signal amplitude
received at Belgrade. Our estimations of Wait parameters (H/ and
β) are in agreement with previous studies as discussed above.
5.2. Enhancement in D-region electron density due to solar ﬂares
The normal day time D-region ionosphere is maintained by the
Solar Lyman-α (121.5 nm) radiation which ionizes minor con-
stituent nitric oxide and forms the main source of ionization. It has
been known that cosmic rays also cause a signiﬁcant proportion of
ionization in the D-region ionosphere (Rishbeth and Garriott,
Fig. 5. Variation in the Earth's magnetic ﬁeld horizontal component (H) obtained
using one second magnetic data from the Indian equatorial station Tirunelveli
(Geographic lat., 8.7°N, long., 77.8°E, dip lat., 0.4°N) for solar ﬂare events of C, M and
X-classes.
Fig. 6. Local time variation in the changes in the horizontal compon
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comes the dominant source of ionization and overcomes ioniza-
tion caused by galactic cosmic rays and the Lyman-α radiation,
thereby signiﬁcantly increasing the ionization which causes de-
crease in the H/ and increase in the β (Grubor et al., 2008). The
electron density proﬁle can be estimated by using Eq. (1) given as
(Wait and Spies, 1964).
N z H z H( ) 1.43 10 exp ( 0.15 ) exp [( 0.15)( )] (1)e 7 β= × − ′ − − ′
where Ne(z) is the electron density in cm3. The electron
density proﬁle obtained by this method is valid up to 100 km al-
titude. We have estimated the increase in electron density in the
height range of 60–80 km, using Wait parameters (H/ and β) ob-
tained from the LWPC modeling of solar ﬂare perturbed amplitude
and phase of NWC signal at Allahabad. Fig. 10 represents the
electron density proﬁle obtained from modeled H/ and β values for
the ﬂares that occurred on 20th January 2010, 9th and 15th Feb-
ruary 2011 in the (a) noon and (b) morning and evening periods
and their comparison with normal day proﬁle (green line). The
strongest ﬂare recorded in the present study (X2.2) showed a
maximum enhancement in electron density when compared to all
other solar ﬂares. The VLF amplitude response to the ﬂare induced
increase in the electron density is almost instantaneous, behaving
as a monotonic function of the electron density (Zigman et al.,
2007).
The extra ionization due to ﬂares not only increases the elec-
tron density at the reﬂection height but also changes it along
height of the D-region (Thomson and Clilverd, 2001). The change
in the electron density is computed by taking difference of elec-
tron density during ﬂare event and during the normal day at re-
ference height of 70 km. and presented in Table 1. The C-class
ﬂares on 20th January 2010 and one on 15th February 2011 per-
turbed the daytime D-region ionosphere by increasing the elec-
tron density by 20 times with respect to the normal day time
values. The two M-class ﬂares observed on 20th January 2010 and
one each on 9th and 24th February 2011 increased electron den-
sity by 41 times as compared to normal day values. The X-class
ﬂare observed on 15th February 2011 showed the highest change
in the electron density which is 80 times over the normal day
value. The electron density proﬁle strongly depends on β (Thom-
son and Clilverd, 2001; McRae and Thomson, 2004) and hence on
the change in the VLF amplitude. For a C-class ﬂare the change in
the electron density ranges from a minimum of 5 el/cc to a max-
imum of 220 el/cc at the estimated reference height of 70 km.
Kolarski and Grubor (2009) for M-class ﬂares, estimated increase
in the electron density of the order of two for the GQD and NAA
transmitter signals received at Belgrade, Serbia. Our results from
an Indian low latitude station are almost consistent with previous
observations in other parts of the world (Zigman et al., 2007,
Grubor et al., 2005). Fig. 11 shows the change in the electron
density with ﬂare X-ray ﬂux in dB. The change in electron density
is minimum for the C-class ﬂares and maximum for X2.2 ﬂare. Theent (ΔH) of geomagnetic ﬁeld for C, M and X-classes of ﬂares.
Fig. 7. An example of normal day time amplitude (upper panel) and phase (lower panel) variation of NWC signal (19.8 kHz) at Allahabad, India (blue line). The modeled
variation using LWPC is shown by a red line.
Fig. 8. Modeled VLF amplitude and phase for 20 January 2010 solar ﬂare using
LWPC code v 2.1.
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crease in solar ﬂux intensity. There are few events where C-class
ﬂares have produced more electron density changes compared to
M-class ﬂares. This can be attributed to local time variation of solar
ﬂare effect and pre-ﬂare D-region condition and X-ray ﬂux (Han
and Cummer, 2010; Ohya et al., 2011; Maurya et al., 2012a,b;
Maurya et al., 2014a,b).5.3. Effect of solar ﬂare on Earth's magnetic ﬁeld at the equatorial
station: Tirunelveli
As mentioned in Section 3.2, the solar ﬂare events of C, M, X
classes produced moderate increase in the H-component of Earth's
geomagnetic ﬁled (indicated by ΔH, Fig. 5) at an Indian equatorial
station, Tirunelveli. The solar ﬂare of the M 3.5 class on 24th
February 2011 produced a signiﬁcant increase of about 13 nT in the
ΔH given by ΔHs. Some of the earlier works show that the solar
ﬂares can decrease the H component of Earth's magnetic ﬁeld at
the electrojet stations and outside the electrojet region (Sastri,
1975). Based on the study of several solar ﬂare events over Indo-
Russian region, Rastogi et al., (1999) found that during normal
equatorial electrojet (EEJ) events, solar ﬂares show a positive in-
crease in H component at all stations. Rastogi et al. (1999) studied
the changes in the H component (ΔH) in response with solar ﬂares
at different latitudes. The ΔH during solar ﬂare follows the latitude
which is similar to solar quiet Sq (Rastogi et al., 1999) variation.
The change in EEJ system corresponding to the solar ﬂare has been
studied by Manju et al. (2009). Solar ﬂares increase the ΔH during
electrojet events and decrease the ΔH during the counter elec-
trojet times (Manju and Viswanathan, 2005) similar to our ob-
servations. The local time dependence of solar ﬂare effect shows
that effect is more pronounced in the noon period for C and M
class ﬂares. This non linearity in ΔH can be attributed to the local
time variation of E region zonal electric ﬁeld in the equatorial
region (Chakrabarty et al., 2013). The absence of background
changes in E-region ionization with the local time may result in
the linear change in ΔH with respect to the ﬂare intensity. Re-
cently, Sripathi et al. (2013) for X7/2B ﬂare on 09th August 2011
Fig. 9. (a) Local time variation of reﬂection height (H/) with respect to normal day for C, M and X classes of ﬂares. (b) Local time variation of sharpness factor (β) for C, M and
X classes of ﬂares.
Fig.10. (a) Comparison of electron density proﬁles for ﬂares on 20th January 2010 in the noon period (10–15 LT h) and on normal day at Allahabad. (b) Comparison of the
electron density proﬁle for solar ﬂares on 20th January 2010 and 9th and 15th February 2011 in the morning and evening periods (06–10 LT h and 15–18 LT h) with the
normal day for Allahabad. (Horizontal line at 70 km is added as reference height for comparison of electron density).
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Tirunelveli and suggested that it is due to change in E-region
electron density and the strong ionospheric currents due to pre-
sence of counter electrojet during the ﬂare occurrence time.
However, we have not observed any decrease in ΔH for the solar
ﬂare events considered in the present study.6. Summary
Solar ﬂare effects on the sub-ionospheric VLF signals are
identiﬁed by the sudden increase in their amplitudes and ad-
vancement in the phases. These sudden changes are manifesta-
tions of rapid enhancements in the D-region ionospheric plasma
Fig. 11. Comparison of electron density at 70 km with the solar ﬂare intensity (dB).
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and X-class solar ﬂares on NWC signal (19.8 kHz) recorded at Al-
lahabad, a low latitude station in the Indian region, during the
period of one year from January 2010 to February 2011. Also the
solar ﬂare effect on the horizontal component of the Earth's
magnetic ﬁeld (H) at the Indian equatorial station, has been ex-
amined. The period of study falls under low solar activity of the
current solar cycle 24. It is found that change in the VLF amplitude
(ΔA), time delay (Δt) between VLF peak amplitude and X-ray ﬂux
peak and D-region ionospheric parameters (H/ and β) strongly
depend on the intensity (class) of ﬂares, pre-ﬂare condition and
local time of ﬂare occurrence. This dependence has been tested for
C, M and X-class of ﬂares during morning, noon and evening
periods of local day time (06–18 LT). The results show that ΔA
varies between 1.21–6.8 dB for C to X-class of ﬂares. The Δt varies
from 1–3 min for different classes of ﬂares and is minimum for X
class of ﬂare. The local time dependence for ΔA and Δt indicates
an opposite trend with ΔA increasing as the day progresses and
attaining its maximum value at noon and then decreasing until
evening. The maximum increase of 7 dB in the NWC signal
amplitude was observed for X 2.2 solar ﬂare event on 15th Feb-
ruary 2011. The LWPC modeling code has been utilized to estimate
the changes in the reﬂection height H/ and sharpness factor β for
all the solar ﬂare events. Reduction in the H/ and increase in the β
are estimated during the ﬂares as compared to the normal day
time values. The maximum change in the H/ and β is estimated for
X-class ﬂare followed by M-class and C-class ﬂares which is con-
sistent with earlier studies (Zigman et al., 2007; Grubor et al.,
2008). The local time dependence of changes in H/ and β indicates
an opposite trend and change is maximum during the noon per-
iod. The electron density proﬁles estimated during the solar ﬂare
events show a maximum increase in electron density of the order
of 80 times as compared to the normal day values for X- class
ﬂare at the reference altitude of 70 km. The increase of about
13 nT inΔH for solar ﬂare of M-class was observed at Tirunelveliwhich could be accounted for the enhanced electrojet during the
solar ﬂares. The investigation is in progress for high solar activity
of the current solar cycle which will provide us further opportu-
nity to study the D-region and geomagnetic ﬁeld response to solar
ﬂares with larger dataset.Acknowledgments
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